Biomechanical arrangement of threaded and unthreaded portions providing holding power of transpedicular screw fixation  by Tsuang, Fon-Yih et al.
Clinical Biomechanics 39 (2016) 71–76
Contents lists available at ScienceDirect
Clinical Biomechanics
j ourna l homepage: www.e lsev ie r .com/ locate /c l inb iomechLectureBiomechanical arrangement of threaded and unthreaded portions
providing holding power of transpedicular screw ﬁxationFon-Yih Tsuang a,b, Chia-Hsien Chen c, Lien-Chen Wu c, Yi-Jie Kuo d,e, Shang-Chih Lin f, Chang-Jung Chiang c,e,⁎
a Division of Neurosurgery, Department of Surgery, National Taiwan University Hospital, Taiwan
b Institute of Biomedical Engineering, National Taiwan University, Taiwan
c Department of Orthopaedics, Shuang Ho Hospital, Taipei Medical University, Taiwan
d Department of Orthopaedics, Taipei Medical University Hospital, Taiwan
e Department of Orthopaedics, School of Medicine, College of Medicine, Taipei Medical University, Taiwan
f Graduate Institute of Biomedical Engineering National Taiwan University of Science and Technology, Taiwan⁎ Corresponding author at: Department of Orthopaed
Medical University, Taiwan, No. 291, Zhongzheng Rd., Zh
23561, Taiwan.
E-mail address: cjchiang@s.tmu.edu.tw (C.-J. Chiang).
http://dx.doi.org/10.1016/j.clinbiomech.2016.09.010
0268-0033/© 2016 The Authors. Published by Elsevier Ltda b s t r a c ta r t i c l e i n f oArticle history:
Received 23 February 2016
Accepted 22 September 2016Background: Failure of pedicle screw is a major concern in spinal surgery. The threaded and unthreaded portions
of the pedicle screw provide the ability to anchor and squeeze the surrounding bone, respectively. This study
aimed to investigate the anchoring and squeezing effects of different design of the threaded/unthreaded portions
of a pedicle screw to vertebrae.
Methods: Four variations (one fully and three partially threaded, with a 1/3, 1/2, and 2/3 unthreaded designs at
the proximal portion) of screws were used to measure pullout strength and withdrawn energy using synthetic
and porcine specimens. The tests were conducted in static and dynamic fashions, in that the screws were axially
extracted directly and after 150,000 cycles of lateral bending. The load-displacement curves were recorded to
gain insight into the peak load (pullout strength) and cumulative work (withdrawn energy).
Findings: The two testing results of the synthetic and porcine specimens consistently showed that the 1/3
unthreaded screw provides signiﬁcantly higher pullout strength and withdrawn energy than the fully threaded
screw. The withdrawn energy of the three unthreaded screws was signiﬁcantly higher than that of the threaded
counterpart.
Interpretation: The holding power of a pedicle screw was the integration of the anchoring (cancellous core) and
squeezing (compact pedicle) effects within the threaded and unthreaded portions. The current study recom-
mends the 1/3 unthreaded screw as an optimal alternative for use as a shank-sliding mechanism to preserve
the holding power within the pedicle isthmus.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Transpedicular ﬁxation has been widely used in spinal surgery to
correct deformity and stabilize the spine. However, loosening at the
bone-screw interfaces and breakage at the screw threads are common
failure modes (Pihlajämaki et al., 1997; Davne and Myers, 1992;
Lonstein et al., 1999; Okuyama et al., 2000; Kwok et al., 1996; Hsu et
al., 2005). Failure of pedicle screws often leads to loss of ﬁxation, symp-
tomatic pseudarthrosis, and possible reoperation. To eliminate these
complications, several concepts have been investigated, including
shape modiﬁcation of the threads, surface coating of the screws, and
polymethylmethacrylate (PMMA) augmentation within screw holesics, Shuang Ho Hospital, Taipei
onghe District, New Taipei City
. This is an open access article under(Krenn et al., 2008; Choma et al., 2011; Hashemi et al., 2009;
Hasegawa et al., 2005; Sandén et al., 2001). These aim to enhance hold-
ing power at the bone-screw interfaces and fatigue resistance at the
thread-shank junction, which have been reported to be stress-concen-
trated sites that jeopardize screw strength (Chao et al., 2008).
The pedicle screw is inserted to hold the bone through a pedicle isth-
mus and vertebral core (Fig. 1). The anchoring ability of the threaded
shank comes from the shearing cut of the sandwiched bone chips
along the cylindrical surface, formed by the thread tips (Tsai et al.,
2009). However, slipping resistance at the unthreaded shank-bone in-
terfaces results from the increased friction of the bone chips that were
squeezed onto the surrounding zone (Chapman et al., 1996). The cur-
rent study proposes two hypothetical, optimal arrangements of screw
threads within two bony regions. The ﬁrst uses the unthreaded shank
to suppress the stress-concentrated effect, thus reducing the breakage
risk within the pedicle isthmus (Chao et al., 2008). Furthermore, the
greater diameter of the unthreaded shank can squeeze the surroundingthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Schematic diagram showing the insertion pathway of a pedicle screw. The
anchoring and squeezing ability of the threaded and unthreaded shanks were assumed
to occur within the vertebral core (lines aa) and pedicle isthmus (lines bb).
72 F.-Y. Tsuang et al. / Clinical Biomechanics 39 (2016) 71–76bone onto the peripheral wall of the predrilled hole, thus increasing the
frictional resistance and the holding power of the inserted screw. The
second is to preserve the deeper threads near the screw tip to anchor
the cancellous bone of the vertebral core. Static and dynamic tests
were used to evaluate the outcome of the different threaded strategies
within the two bony regions.
In this study, specially manufactured pedicle screws with varying
lengths of unthreaded designs at the proximal portion were tested.
The peak load (pullout strength) and cumulative work (withdrawn en-
ergy) of the load-displacement curvewere used as the comparison indi-
ces of the four screws. The measured pullout strength and withdrawn
energy are discussed to investigate the holding characteristics of the
threaded and unthreaded designs. The results of the testing were
aimed to provide insight into the bone-screw interaction at the verte-
bral core and pedicle isthmus.Fig. 2. Experimental Setup. (a) Four pedicle screws used in this study and setup of the pullou
showing the protocol of the testing jigs and screw insertion.2. Methods
2.1. Pedicle screws
Therewere four variations of the threaded andunthreaded screws in
this study: (1) threaded design along the full shank, (2) unthreaded de-
sign in the proximal one-third of the shank: 1/3 unthreaded, (3)
unthreaded design in the proximal half of the shank: 1/2 unthreaded,
and (4) unthreaded design in the proximal two-thirds of the
shank: 2/3 unthreaded (Fig. 2a). The fully threaded screw was used
as a control. The speciﬁcations of the four screws were the same, in-
cluding outer and core diameters, pitch, depth, and proﬁle of the
threads, and screw length. All screws were 5.5-mm in diameter and
45-mm in length, and were made of titanium alloy (Ti6Al4V). The
sample size was six for each of the groups in each test.
2.2. Biomechanical tests
The testing protocol used for pullout strength and withdrawn ener-
gy of the pedicle screwswas based on the ASTMF543 standard and pre-
vious studies (Tsai et al., 2009). Two types of synthetic and porcine
specimens were used to measure the biomechanical behaviors of hold-
ing power for the bone-screw constructs. The synthetic specimen
served as the representative to avoid individual variation of the me-
chanical properties while using cadaveric bones. The adapted bricks
had porosity of 0.16 g/cc which were made of cellular polyurethane
foam (Sawbones, Paciﬁc Research Corporation, Vashon, Washington,
USA). Each brick of polyurethane foam was equally segmented into
cubic blocks, 6 × 6 × 6 cm in size. The testing blocks were prepared by
pre-drilling pilot holes, and followed by pedicle screw insertion perpen-
dicularly into the center of the testing block without pre-tapping. The
porcine specimens were used as a control group that could mimic the
bony properties of the vertebral core and pedicle isthmus. Porcine spec-
imens were isolated from porcine lumbar spine obtained from a local
slaughterhouse. Before experimentation, all intervertebral disc tissues
and subjacent soft tissues were cleaned, and bony vertebral structure
was isolated individually. Application of thepedicle screw into synthetic
and porcine specimen is all performed by a spine surgeon to avoidman-t tests using the Instron 4467 servohydraulic testing system. (b) The schematic diagram
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transverse process of the porcine vertebrae was identiﬁed as the entry
point of the pedicle screw. A special designed bone awl (US patent
20120323242A),which consists of a leading drill portion (5mm length)
and a tap portion (10 mm length), is used to create the pilot hole of
4 mm. After the drill forms a hole in the bone, the tap threads create
an internal screw thread in the bone along the surface of the hole
formed by the drill. The pedicle screwwas inserted following the creat-
ed screw tract in each vertebra.
The static and dynamic tests were performed using an Instron 4467
servo-hydraulic testing system (Instron Norwood, MA, USA). The syn-
thetic and porcine blocks were completely seated in the ﬁxture frame
mounted to the testing platform (Fig. 2a). The insertion depth into the
synthetic and porcine specimens was kept constant (=40 mm) for all
screw variations (Fig. 2b). After a screw was inserted into the pilot
hole, the static tests were performed only with axial tension at the
screw head by means of the jig that was connected to the Instron actu-
ator. For the dynamic tests, cantilever bending tests were initially per-
formed to simulate clinical loads, with cyclic compression applied to
the screw head and aligned vertically to the screw axis. The cantilever
bending was initiated in the form of a sinusoidal wave with 5-Hz fre-
quency and 10–100 N until 150,000 cycles were achieved (Sterba et
al., 2007; Lu et al., 2004; Ferrara et al., 2003). The pulling load was
then steadily applied to the screw head and along the screw axis with
an actuator speed of 5 mm/min.
The static tests were performed for both the synthetic and porcine
specimens. However, only the synthetic specimens were used for the
dynamic tests due to the technical problem of ﬁxing the porcine verte-
brae and applying the cantilever loads. During testing, the load-dis-
placement curves of the Instron sensors were recorded. The pullout
strength of the screw was identiﬁed by the ﬁrst change in the slope
from a positive to a negative value in the load-displacement curve.
The area beneath the load-displacement curve was deﬁned as the with-
drawn energy to extract the screw from the specimen completely. The
withdrawn energy was calculated using Origin 8.5.1 software
(OriginLab, Massachusetts, USA). Student's t-test was used to analyze
the differences in pullout strengths and withdrawn energy among the
bone-screw variations. For all statistical analysis, a P value b 0.05 was
considered signiﬁcant.
3. Results
3.1. Load-displacement curves
The typical patterns of the load-displacement curves were given to
illustrate the holding characteristics of the different bone-screw con-
structs (Fig. 3). In general, the curves can be identiﬁed in terms of twoFig. 3. Representative of the load-displacement curves for the four screws inserted into
the synthetic specimens. The displacement range from the initial to ﬁnal withdrawal
was 30 mm.parameters: peak load (pullout strength) and cumulative area (with-
drawn energy). From the initial to the ﬁnal withdrawal, the two stages
of screw pullout can be deﬁned as peak (0–2.5 mm) and loosening
(2.5–30 mm) regions. Within the peak region, the peak value of the
1/3 unthreaded screw was the highest, followed by the fully
threaded, the 1/2 unthreaded, and the 2/3 unthreaded with the
least. Within the loosening region, however, the pullout resistance
of the fully threaded screw decreased more rapidly than the
unthreaded designs. Beyond the peak region, the ﬂuctuant loads of
the 1/2 and 2/3 unthreaded screws were more compatible and grad-
ually higher than that of the 1/3 unthreaded design toward the ﬁnal
withdrawal. The 2/3 unthreaded shank provided more enduring re-
sistance to the screw pullout than the other unthreaded screws. Be-
yond the peak load, the pullout load of the 2/3 unthreaded screw
was about three times that of the fully threaded screw.
3.2. Static tests
The pullout strengths of the static tests of the synthetic and porcine
specimens were compared (Fig. 4). The differences in pullout strength
between the synthetic and porcine specimens were 193.1% for the
fully threaded, 196.3% for the 1/3 unthreaded, 330.7% for the 1/2
unthreaded, and 224.3% for the 2/3 unthreaded screws. This was attrib-
uted to the difference inmaterial property of the synthetic (osteoporotic
foam) and porcine (compact pedicle) specimens. The highest pullout
strength of the synthetic specimenwas achieved by the 1/3 unthreaded
screw, followed by the fully threaded screw and the 1/2 unthreaded
screw; the 2/3 unthreaded screw had the least. The pullout strength of
the 1/3 unthreaded screw was statistically different from those of the
others (P = 0.0004 for the fully threaded, P = 0.0001 for the 1/2
unthreaded, and P= 0.0003 for the 2/3 unthreaded) (Fig. 4a). The dif-
ferences between the fully threaded and partially unthreaded screws
were also signiﬁcant (P = 0.0098 for the 1/2 unthreaded, and P =
0.0043 for the 2/3 unthreaded). However, there was no signiﬁcant dif-
ference between the 1/2 and 2/3 unthreaded screws (P= 0.1372). For
the porcine specimen, the pullout strength of the 1/3 unthreaded
screw was higher than that of the fully threaded (P = 0.0176), 1/2
unthreaded (P = 0.3444), and 2/3 unthreaded (P = 0.0662) screws
(Fig. 4b).
3.3. Dynamic tests
The pullout strengths andwithdrawn energy of the dynamic tests of
the synthetic specimens were compared (Fig. 5). Similar to the static
test, the pullout strength of the 1/3 unthreaded screw was the highest,
followed by the fully threaded screw and the 1/2 unthreaded screw;
the 2/3 unthreaded screw had the least (Fig. 5a). The pullout strength
of the 1/3 unthreaded screw was statistically higher than those of the
others (P = 0.0004 for the fully threaded, P = 0.0001 for the 1/2
unthreaded, and P = 0.0003 for the 2/3 unthreaded). The differences
between the fully threaded and the other two partially unthreaded
screws were also signiﬁcant (P = 0.0098 for the 1/2 unthreaded, and
P = 0.0043 for the 2/3 unthreaded). The withdrawn energy of the
three unthreaded screws was signiﬁcantly higher than that of the
threaded counterpart (Fig. 5b). The withdrawn energy was the highest
for the 1/2 unthreaded screw, followed by the 2/3 unthreaded screw,
the 1/3 unthreaded screw; the fully threaded screw had the least. Ex-
cept for the 2/3 unthreaded screw (P=0.9858), the withdrawn energy
of the 1/2 unthreaded screw signiﬁcantly differed from those of the
others (P = 0.03998 for the 1/3 unthreaded, and P = 0.00298 for the
fully threaded).
4. Discussion
Weinstein et al. (1992) reported that the stability of transpedicular
ﬁxation depends 60% on the pedicle isthmus, 15–20% on the vertebral
Fig. 4. Pullout strengths of the static tests. (a) Synthetic specimen. (b) Porcine specimen. The symbol “*” denotes that the difference between the compared groups is statistically signiﬁcant
(P b 0.05).
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detailed information on the unthreaded effect on the holding power of
a pedicle screw within the pedicle isthmus has not been extensively
provided. This study proposed two hypotheses of the holding effects
of threaded and unthreaded shanks on the bone-screw construct (Fig.
6a). When applying the pullout load, the threaded shank provides the
ability to anchor the sandwiched bone until the shearing strength of
the bone chips is beyond their peak load (point d). This study used the
thread-shearing mechanism to describe the rapid decay of the holding
ability of the fully threaded screw (Fig. 6b). Rapid laceration then poten-
tially occurs along the cylindrical surface formed by the thread tips (line
aa) (Tsai et al., 2009; Chapman et al., 1996). This accounts for the results
that the pullout resistances of all screws drastically decayed within the
peak region (Fig. 3).Moreover, interfacial laceration severely decays the
pullout resistance of the fully threaded screw within the loosening re-
gion (Fig. 3). This results in the lowest value of withdrawn energy
absorbed by the fully threaded screw due to the decayed ability of the
anchoring bone chips (Fig. 5b).
According toWang et al. (Chen et al., 2005), themost stressed site of
a pedicle screw is the junction of shank and threads and the model of
threads inside the screw/bone interface tended to be less stressed
than threads outside the interface. For the unthreaded screw, the
shank-thread junction is moved into the vertebral body, the insertionFig. 5. Pullout strengths andwithdrawnenergy of the dynamic tests. (a) Pullout strength. (b)W
is statistically signiﬁcant (P b 0.05).of the smooth shank can squeeze the cancellous bone between the
pilot hole and the shank surface into the peripheral region; thus increas-
ing the shearing strength of the squeezed bone chips (Tsai et al., 2009;
Chapmanet al., 1996). This simulates the “broaching”process in femoral
canal preparation during total hip replacement and produces the prox-
imal-ﬁt effect in pedicle isthmus. The conical segment of the pedicle
screw removes cancellous bone in front of the screw and around the
thread while approaching, and then creates an osseous envelop to sup-
port the unthreaded shank segment and promotes intimate contact be-
tween the screw and host bone for bony ingrowth. This offers a positive
ﬁt andﬁll of the screw in the pedicle isthmus, even in osteoporotic bone.
Although the anchoring force of the screw action at the distal end of the
screw is responsible for the pressﬁtting of theproximal unthreaded sec-
tion, this may cause shearing of the spongy bone and possibly fracture
the compact pedicle. Reports of McLain et al. (Inceoglu et al., 2007)
showed the cortical bone at the pedicle hasmaterial properties different
from those of typical cortical bone in long bones. The more ductile ped-
icle cortex with a lower yield strain allows a larger safety margin in the
lumbar pedicle for expansion prior to gross fracture. There was no frac-
tured pedicle during screw insertion in our study.
Furthermore, frictional resistance at the bone-shank interfaces (line
bb) constantly exists during screw pullout. This study assumed that the
shank-sliding mechanism provides a more stable value of pulloutithdrawn energy. The symbol “*” denotes that the difference between the compared groups
Fig. 6. The mechanism within the threaded and unthreaded interfaces of the screw. (a)
The schematic diagrams illustrating the thread-shearing (line aa) and shank-sliding
(line bb) mechanisms within the threaded and unthreaded interfaces. (b) The shank-
sliding mechanism shows the more enduring resistance to the screw pullout beyond the
peak load (point c). The thread-shearing mechanism shows the rapid laceration of the
bone chips in a situation in which the pulling force exceeds the shearing strength (point
d) of the testing bone.
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sumption can be validated by the higher values of the pullout strength
for the three unthreaded screws within the loosening region (Fig. 3).
The static test results of the synthetic and porcine specimens consis-
tently support the squeezing effect of the unthreaded shank (Fig. 4). The
1/3 unthreaded screw consistently yielded signiﬁcantly higher
(P b 0.001) pullout strength than the fully threaded and the other two
partially threaded screws. The pullout strength of the fully threaded
screw was second only to the 1/3 unthreaded screw, but signiﬁcantly
better than the 1/2 and 2/3 unthreaded screws (P b 0.05). This ﬁnding
reveals that the unthreaded shank occupies the pedicle isthmus and re-
quires a higher pullout load to cause screw loosening, and provides pos-
itive evidence for the hypothesis that the squeezing ability of the
unthreaded shankwithin the pedicle is more critical than the anchoring
effect of the screw threads. However, the threaded shankwas shortened
beyond half of the entire screw length, so the pullout strength was re-
markably reduced (Figs. 4 and 5). This indicates the signiﬁcant role of
the screw threads in the anchoring of the cancellous bone of the verte-
bral core. Our results suggest that the 1/3 unthreaded screw provides
the optimal trade-off of threaded and unthreaded portions of the four
variations.
Some limitations are still inherent in this study. Even though the
well-accepted synthetic blocks were considered as standard specimens
(Krenn et al., 2008; Hashemi et al., 2009; Tsai et al., 2009; Chapman et
al., 1996; Zdero et al., 2007), foam density in this study was 0.16 g/cm3,
which is generally believed to be comparable to the osteoporotic property
of human cancellous bone. The dynamic results of the porcine specimens
were not provided in this study due to the technical problem of ﬁxing the
vertebraewhile applying lateral cantilever bending. The differences in the
holding ability of the compact pedicle and the cancellous core were deﬁ-
cient in this study. The porcine specimens were the healthy bone and the
static results of pullout strength were consistent with those of the syn-
thetic specimens. However, this study cannot provide deﬁnite informa-
tion on the squeezing effect of the unthreaded shaft on the osteoporotic
pedicle. Testing and clinical studies using human cadaveric bones are
still required to validate the positive ﬁndings for the 1/3 unthreaded
screw. For screw implantation, stress-relaxing behavior should be cau-
tiously estimated to ensure the press-ﬁtted effects of the proximal
unthreaded screwon the long-term stability of the bone-screw construct.In this biomechanical test, therewas not enough time for stress relaxation
of the press-ﬁtted section. The test in human vertebraewill be performed
in future study to observe the loosening phenomenon over time. The in-
sertion torques of the screws were not recorded in this study.
5. Conclusions
The current study took the insight into the thread-shearing (anchor-
ing) and shank-sliding (squeezing) mechanisms at the threaded and
unthreaded portions, respectively. The holding power of a pedicle
screw was the integration of the anchoring (cancellous core) and
squeezing (compact pedicle) effects within those two portions. Two
tests of both specimens consistently showed that the 1/3 unthreaded
screw provides higher pullout strength and withdrawn energy than
the fully threaded screw, and avoids the decayed pullout strength of
the 1/2 and 2/3 unthreaded screws. In the situation of osteoporotic
bone, the thread-shearing mechanism potentially fails to anchor the
weakened bone of the vertebral core. The current study recommends
the 1/3 unthreaded screw as an optimal alternative for use as a shank-
sliding mechanism to preserve the holding power within the pedicle
isthmus.
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